BACKGROUND: Despite the importance of understanding the connection between air pollution exposure and diabetes, studies investigating links between air pollution and glucose metabolism in nondiabetic adults are limited. OBJECTIVE: We aimed to estimate the association of medium-term air pollution exposures with blood glucose and glycated hemoglobin A1c (HbA1c) among nondiabetics. METHODS: This study included observations from nondiabetic participants (n obs = 7,108) of the population-based Heinz Nixdorf Recall study at baseline (2000)(2001)(2002)(2003) and follow-up examination (2006)(2007)(2008). Daily fine particulate matter (aerodynamic diameter ≤2:5 lm, PM 2:5 ; aerodynamic diameter ≤10 lm, PM 10 ), accumulation mode particle number (PN AM ), and nitrogen dioxide (NO 2 ) exposures were estimated at participants' residences using the spatiotemporal European Air Pollution Dispersion (EURAD) chemistry transport model. We evaluated the associations between medium-term air pollution exposures (28-and 91-d means) and glucose metabolism measures using mixed linear regression and adjusting for season, meteorology, and personal characteristics. A range of other exposure windows (1-, 2-, 3-, 7-, 14-, 45-, 60-, 75-, 105-, 120-, and 182-d means) were also evaluated to identify potentially relevant biological windows. 75-to 105-d) were most strongly associated with HbA1c, whereas 7-to 45-d exposures were most strongly associated with blood glucose. NO 2 exposure was not associated with blood glucose or with HbA1c. CONCLUSIONS: Medium-term PM and PN AM exposures were positively associated with glucose measures in nondiabetic adults. These findings indicate that reducing ambient air pollution levels may decrease the risk of diabetes. https://doi
Introduction
Exposure to particulate matter (PM) in ambient air is a major environmental health risk, accounting for an estimated 3.1 million deaths and 3.1% of global disability-adjusted life years lost worldwide in 2010 (Lim et al. 2010 ). Short-and long-term exposure to these inhalable particles can aggravate respiratory and cardiovascular conditions, increase hospital admissions, and result in mortality from cardiovascular and respiratory diseases as well as from lung cancer (WHO 2006) . Emerging evidence suggests that exposure to PM may also increase the risk of type 2 diabetes mellitus (T2DM) in the general population (Balti et al. 2014) . Although specific pathophysiological mechanisms that might contribute to associations between PM and T2DM are unclear at present, one plausible hypothesis is that inhalation of particulate matter causes oxidative stress in the lungs that can lead to systemic inflammation, inflammation of adipose tissue, and insulin resistance. Together, these intermediate outcomes may contribute to a diabetogenic metabolism and eventually lead to the onset of T2DM (Franklin et al. 2015; Rajagopalan and Brook 2012) .
In an effort to clarify these pathways, several epidemiological studies have explored whether higher air pollution exposure is associated with elevated blood glucose levels, a potential sign of increased insulin resistance. Short-term (days to weeks; Peng et al. 2016) , medium-term (weeks to months; Peng et al. 2016; Sade et al. 2015 Sade et al. , 2016 , and long-term (≥1 year; Cai et al. 2017; Chuang et al. 2011; Liu et al. 2016; Ward-Caviness et al. 2015; Wolf et al. 2016 ) exposure studies have shown positive associations between a variety of air pollution measures and blood glucose levels. Nevertheless, study findings have been inconsistent for specific pollutants [e.g., particulate matter (PM), nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 )], and the latency period required for a cause-effect relationship has received little attention.
Because blood glucose measures are subject to high intrapersonal variability, glycated hemoglobin A1c (HbA1c), a biomarker that reflects average blood glucose levels over the previous 6-8 wk, is a useful instrument for assessing glucose levels and potential insulin resistance. At present, the epidemiological studies that have evaluated associations between long-term outdoor air pollution exposures (PM, NO 2 , SO 2 ) and HbA1c level show mixed results (Chuang et al. 2011; Honda et al. 2017; Liu et al. 2016; Tamayo et al. 2014 Tamayo et al. , 2016 Wolf et al. 2016 ). The few studies investigating medium-term exposure periods, which may be the more relevant period for HbA1c levels, have also yielded mixed results (Sade et al. 2015 (Sade et al. , 2016 .
Additionally, few studies have examined these associations in persons without diabetes (Brook et al. 2013; Chen et al. 2016; Honda et al. 2017 ; Kim and Hong 2012; Peng et al. 2016; Wolf et al. 2016) , an important study group for bettering our understanding of how air pollution exposure may play a role in the early development of diabetes. We examined whether exposure to medium-term (28-, 91-d mean) air pollution [particulate matter with aerodynamic diameter ≤2:5 lm (PM 2:5 ), particulate matter with aerodynamic diameter ≤10 lm (PM 10 ), NO 2 , and accumulation mode particle number (PN AM )] is associated with blood glucose and HbA1c levels in nondiabetic participants of the German population-based prospective Heinz Nixdorf Recall (HNR) study using data from two examination times. Because blood glucose levels vary more with daily changes than HbA1c levels do, we hypothesized that 28-d mean exposure windows would be more strongly associated with blood glucose measures, whereas 91-d mean exposure windows would be more strongly associated with HbA1c levels.
Methods

Study Design
This study was conducted using data from the baseline (2000) (2001) (2002) (2003) and first follow-up (2006-2008) examinations of the HNR study, an ongoing prospective population-based cohort study located in three adjacent cities (Bochum, Essen, and Mülheim) within the highly urbanized German Ruhr area. The study design has been described in detail elsewhere (Schmermund et al. 2002; Stang et al. 2005) . Briefly, potential participants between the ages of 45 and 75 were identified through random sampling of local residency lists and were recruited via letter or telephone. Subjects were not eligible for study inclusion if they were institutionalized, had died or moved away at time of recruitment, had an incorrect or nonexistent address, did not speak a sufficient level of German, could not be interviewed because of severe illness, or were pregnant. In all, 4,814 participants were enrolled into the HNR study between December 2000 and August 2003 (recruitment efficacy proportion: 55.8%; Stang et al. 2005) , and 4,157 participants returned for a follow-up examination between 2006 and 2008. Assessment at both examinations included a self-administered questionnaire, face-to-face interviews, clinical examinations, and comprehensive laboratory tests following standard protocols. The study was approved by the institutional ethics committees of the University of Duisburg-Essen and the University Hospital of Essen and adhered to strict internal and external quality assurance protocols. All participants gave informed consent.
Environmental Exposures
Air pollution. In this study, we used the validated, time-dependent, three-dimensional European Air Pollution Dispersion (EURAD) chemistry transport model (Büns et al. 2012; Hass et al. 1993; Memmesheimer et al. 2004 ) to estimate daily mass concentrations of PM 2:5 , PM 10 , NO 2 , and PN AM (particle number with aerodynamic diameter between 0:1-1:0 lm; Nonnemacher et al. 2014 ). The EURAD model is a multilayer, multigrid model system that simulates the transport, chemical transformation, and deposition of tropospheric constituents (Büns et al. 2012) . It employs four sequential nesting grid sizes (125 km, 25 km, 5 km, 1 km) for assigning exposure to Europe, central Europe, North RhineWestphalia in Germany, and the Ruhr area (Duisburg-Mülheim-Essen-Bochum), respectively (Büns et al. 2012; Memmesheimer et al. 2004) . Specific information concerning the input data for the EURAD model have been published previously (Memmesheimer et al. 2004 ). The EURAD model produces hourly estimates for each grid square for a set of chemical compounds and a set of volatile organic compounds. Additionally, an assimilation process for PM 10 and NO 2 concentrations integrating measurement information from routine state-operated monitoring was conducted (measurement data on PM 2:5 and PN AM for this study region and period were only available from individual measurement campaigns and therefore were not used for the assimilation process). PN AM estimates from the EURAD model have been validated against measurements obtained between January 2011 and December 2014 by the Institute of Energy and Environmental Technology (IUTA) at its measuring station in Mülheim-Styrum using a TSI 3926 scanning mobility particle sizer spectrometer (size range: 0:014-0:750 lm; TSI Inc.; for more details, see Birmili et al. 2016) . For the accumulation mode (0:1-1:0 lm), Pearson correlation coefficients between the model estimates and measured averages were calculated by season (spring: 1 March-31 May; summer: 1 June-31 August; fall: 1 September-30 November; winter: 1 December-29 February) and ranged between 0.51 and 0.61, with the highest correlation occurring during winter and fall seasons (H. Jakobs, unpublished data, 2016) .
The HNR study area covers approximately 600 km 2 in the Ruhr area of Germany. Each participant in the HNR was assigned daily mean PM 2:5 , PM 10 , NO 2 , and PN AM concentrations from the 1 km 2 grid cell corresponding to his/her given residential address (ArcView, version 9.2, ESRI; Hennig et al. 2016; Nonnemacher et al. 2014) . Residential mean exposure values were calculated for each participant for the 28-and 91-d before each examination. Additional means for 1-, 2-, 3-, 7-, 14-, 45-, 60-, 75-, 105-, 120-, and 182-d exposure windows were calculated for use in exploring the temporal shape of the association of interest. Interquartile range (IQR) values were calculated for each exposure using all observations across both examinations.
Meteorological variables. Meteorological data for humidity and temperature were calculated as averages for the same 28-and 91-d time periods before examination using the Mesoscale Meteorological Model component of the EURAD model (Memmesheimer et al. 2004 ). In the modeling process, meteorological exposures were estimated for each 1 km 2 grid using centralized data from the German weather service (Deutscher Wetterdienst) center in Essen, Germany. Means for 1-, 2-, 3-, 7-, 14-, 45-, 60-, 75-, 105-, 120-, and 182-d meteorological windows were also calculated.
Noise measures. Long-term road noise was modeled for the year 2007 at façade points according to European Union Directive 2002/49/EC (European Commission 2002) and was calculated as the weighted 24-h mean (L den ). Residential exposures were then assigned to participants using the maximum noise value at the most exposed façade point for the building of residence or, if buildingspecific information was lacking, the maximum value in a 10-m buffer around each participant's address. Noise was included as a categorical variable with the following groups: <45, [45] [46] [47] [48] [49] [50] [50] [51] [52] [53] [54] [55] [55] [56] [57] [58] [59] [60] [60] [61] [62] [63] [64] [65] [65] [66] [67] [68] [69] [70] [70] [71] [72] [73] [74] [75] and ≥75 dBðAÞ. Traffic indicators. Proximity (in meters) of a participant's residence to a major road, as defined by a traffic count of >26,000 vehicles=d, was calculated using official digitized maps with a precision of at least 0:5 m. The reference line was the median strip between oncoming traffic lanes.
Blood Glucose and HbA1c Measures
Blood glucose levels (mg/dL) were measured at each examination with participants being advised to fast before the visit. Information on time since last meal (hours) was also collected to facilitate classification of each test as random or fasting. Serum samples were centrifuged immediately after being obtained and were analyzed enzymatically by the hexokinase method (Burrin and Price, 1985) . HbA1c levels (percentage points, p.p.) were also measured at each examination using an automated nephelometer (BN-II; Dade Behring, Inc.). All analyses were performed in the central laboratory of the University Hospital of Essen following a standard procedure.
Definition of Covariates
Individual socioeconomic status (SES) was defined as years of education in four categories (≤10, 11-13, 14-17, and ≥18 years) according to the International Standard Classification of Education (UNESCO 1997). Neighborhood unemployment rates (as percentages) were obtained from local census authorities for each administrative neighborhood (median size: 11,263 inhabitants) for the years of the baseline examination (2000 -2003 Dragano et al. 2009 ). Smoking status was defined as current, former (>1 year since quitting), or never smoker. Cumulative smoking exposure was assessed for former and current smokers using pack-years and accounting for periods of nonsmoking. Exposure to environmental tobacco smoke (ETS; yes/no) was defined as regular passive exposure to smoke at home, work, or other location. Physical activity (yes/no) was assessed as participation in regular sporting activities at least once a week for a minimum of 30 min. Alcohol consumption was obtained through a dietary questionnaire (0, 1-3, 4-6, >6 drinks per week). Anthropometric measurements (height, weight) were measured at examinations according to standard protocols, and body mass index (BMI; kg=m 2 ) was calculated. Nutrition status was assessed using a dietary pattern index created by incorporating consumption frequency of 13 food items and diet quality classifications used in previous studies Döring 1995, 1998) . Possible scores ranged from 0 to 26, with 26 representing an ideal diet, and were categorized into quartiles (<10, 11-12, 13-15, >15) . Diabetes mellitus status (yes/no) was classified as positive if the participant reported a physician diagnosis or was taking an antihyperglycemic drug. No differentiation was made by diabetes type (1 or 2). For medication use, participants were asked to bring all medication taken in the last seven days to each examination, where confirmed use was assigned using the WHO Anatomical Therapeutic Chemical classification system (ATC; Collaborating Centre for Drug Statistics Methology, 2014). Statin use (yes/no) was thus assigned. Seasonality at the time of blood draw was modeled using Fourier series terms cos (2p × doy=365:25) and sin(2p × doy=365:25), where doy represents day of year (Peng et al. 2016) . Updated information on all baseline characteristics was obtained at the follow-up study visit, with the exception of neighborhood unemployment rate and cumulative smoking exposure.
Study Population
A total of 8,971 observations were collected over the two examinations of the HNR study. Observations were excluded from the analysis if the participant had a diagnosis of diabetes or was taking antihyperglycemic medication at the time of the examination (n obs = 973). Participant observations from the baseline examination were not excluded if participants first reported a diabetes diagnosis or antihyperglycemic medication at follow-up. Additionally, 890 observations were excluded owing to missing variable information at baseline (n obs = 560) or at the follow-up examination (n obs = 330). Of these, air pollution exposure (n obs = 152), HbA1c measure (n obs = 141), information on statin use (n obs = 314), alcohol consumption (n obs = 195), and nutrition index (n obs = 139) were most commonly missing. After exclusions, the main analyses for blood glucose and HbA1c included 7,108 total observations from 4,176 participants.
Statistical Analyses
We evaluated the association between air pollution exposures (PM 2:5 , PM 10 , NO 2 , PN AM ) and blood sugar measures (blood glucose, HbA1c) using a linear mixed-effects regression model with a random participant intercept to account for the correlation between individuals at baseline and at the follow-up examination. Separate 28-and 91-d mean exposure models were run for each air pollutant. Model estimates were calculated per IQR increase of exposure and are presented as mean exposure point estimates with 95% confidence intervals (CIs). Because significant nonlinearity was present for age, temperature, and humidity, these variables were modeled using restricted cubic splines with four knots. The normality of the model residuals was checked in a pre-analysis.
Three models (Models 1-3) of increasing covariate adjustment were conducted for each air pollutant exposure. Updated covariate information was used for all follow-up observations, with the exception of neighborhood unemployment and cumulative smoking (information only available at baseline). In Model 1, we adjusted for temperature, humidity, and examination. In Model 2, we additionally adjusted for age, season, nutrition index, smoking status, and BMI. For blood glucose analyses, time since last meal was also included. Covariates included for adjustment in Model 2 were identified using a directed acyclic graph (DAG; see Figure S1 ; Textor et al. 2011) . To assess whether residual confounding was present, we further adjusted in Model 3 (the main model) for sex, education level, and additional lifestyle factors, including physical activity, alcohol consumption, statin use, ETS exposure, cumulative smoking exposure, and neighborhood unemployment. Covariates included in Model 3 were selected based on inclusion in prior studies (Peng et al. 2016; Wolf et al. 2016) .
To explore whether associations between air pollution exposure and glucose metabolism varied according to exposure time window, we ran the main model analysis using a range of exposure windows before examination (1-, 2-, 3-, 7-, 14-, 28-, 45-, 60-, 75-, 91-, 105-, 120-, and 182-d means) for each pollutant. We chose the 28-and 91-d exposures a priori for the main analyses and treated the additional time points as an exploratory analysis.
Sensitivity Analyses
For PN AM , we repeated analyses using multipollutant models adjusted for PM 2:5 , PM 10 , or NO 2 (as continuous variables) to determine whether associations with this exposure metric were independent of associations with more traditional air pollution markers. Spearman correlation coefficients were calculated between all air pollutant exposures (28-and 91-d means).
Analyses were also conducted to investigate whether different associations were apparent in observations designated as prediabetic (n obs = 4,114) based on a fasting blood glucose level between 100 mg=dL and 125 mg=dL or an HbA1c level between 5.7% and 6.5% (American Diabetes Association 2016) compared with observations having no indication of prediabetes. We also looked at whether associations differed by working status (<15 hours=week vs. ≥15 hours=week), because persons who worked less had a greater likelihood of spending their time at home and thus theoretically more accurate exposure assignments.
To evaluate the robustness of our results to the inclusion of traffic noise exposure, we added noise (L den ) and proximity to major roads to the main model individually as well as jointly. We also repeated analyses after excluding participants with a high blood glucose test (fasting blood glucose ≥126 mg=dL or nonfasting blood glucose ≥200 mg=dL) as well as participants who had a diagnosis of diabetes or who were using antihyperglycemic medication at the time of examination. The blood glucose analyses were also run after excluding participants who were not fasting at the time of blood draw (n obs = 2,139; time since last meal <8 hours) to limit any effects due to incomplete fasting or to differences in fasting between examinations of the same individual.
Effect Modification
We evaluated potential effect modification by sex (male, female), smoking status (current/former/never), examination (baseline/follow-up), age (<65= ≥ 65 y), season (spring/summer/fall/winter), and regular physical activity (yes/no) through addition of a multiplicative interaction term between air pollution exposure (28-and 91-d means; continuous) and the covariate of interest into the main analysis model. Interactions were considered significant if the corresponding likelihood ratio test yielded a p-value <0:05.
All statistical analyses were conducted in R version 3.3.0 (R Core Team).
Results
Demographic Characteristics
A total of 7,108 blood glucose and HbA1c measurements were collected from 4,176 participants in the HNR study without diabetes and with complete covariate data ( Table 1) . Among fasting participants, mean blood glucose levels [ ± standard deviation ðSDÞ] were 107:97 ± 17:4 mg=dL and 107:6 ± 15:8 mg=dL at baseline and at the follow-up examination, respectively. Glucose levels were similar for observations from nonfasting participants (104:6 ± 17:0 mg=dL at baseline and 103:9 ± 14:5 mg=dL at follow-up), possibly explained by the fact that although these participants did not fast the complete 8 h, the mean fasting time was still approximately 4.5 h. Mean HbA1c levels ( ± SD) at baseline and at follow-up were 5:40 ± 0:64 p:p: and 5:52 ± 0:52 p:p:, respectively. Compared with information reported by participants at the baseline examination (n obs = 3,857), participants at the follow-up examination (n obs = 3,251) reported higher consumption of alcoholic drinks per week and lower exposure to ETS and were more likely to be former smokers and to report statin use. For all air pollutants, mean exposure levels decreased between visits (e.g., from 17.4 to 15:9 lg=m 3 for 28-d PM 2:5 ; Table 2 ). PN AM exposure levels were moderately correlated with other air pollutants (q = 0:53, 0.51, and 0.33 for 28-d PM 2:5 , PM 10 , and NO 2 , respectively; see Table S1 ).
Participants excluded because of missing data (covariate, exposure, and/or outcome) at the baseline examination were more likely to have attended their examination in the winter, to report exposure to ETS, to have ≤10 years of education, and to report being physically inactive than participants with complete data from the baseline examination (see Table S2 ). Participants excluded because of missing data at the follow-up examination were more likely to have attended their examination in the spring and to be former smokers than participants with complete data at follow-up.
Main Analysis: Air Pollution and Glucose Metabolism
In Model 1, PM 2:5 (28-and 91-d), PM 10 (28-d), and PN AM (28-and 91-d) exposures were positively associated with blood glucose (Table 3) . Similarly, PM 2:5 , PM 10 , and PN AM exposures (28 d and 91 d) were positively associated with HbA1c. Further adjustment for additional covariates identified using a DAG (Model 2) slightly reduced the point estimates for blood glucose but yielded similar estimates for HbA1c.
In Model 3, IQR increases in 28-d mean exposure to PM 2:5 , PM 10 , and PN AM were positively associated with blood glucose levels ( Table 3 ). Significant positive associations were also seen for 91-d mean exposure to PM 2:5 . For NO 2 , neither 28-nor 91-d exposure levels were clearly associated with blood glucose levels. After evaluation of the association between a range of shortand medium-term exposures and blood glucose, we observed the strongest positive associations with 28-, 45-, and 60-d exposure windows for PM and PN AM (Figure 1 ). Associations between NO 2 and blood glucose levels were close to the null for most exposure windows, although nonsignificant negative associations were estimated for the longest time windows (75-to 182-d).
For HbA1c, significant positive associations were observed for 28-d and 91-d mean exposure to PM 2:5 , PM 10 , and PN AM using Model 3 (Table 3) , with stronger point estimates being observed for 91-d than 28-d mean exposures. For NO 2 , neither 28-nor 91-d exposure levels were associated with HbA1c. Using the range of exposure windows, we observed the strongest positive associations with slightly longer exposure windows for PM 2:5 , PM 10 , and PN AM (Figure 2 ) than for glucose. Associations between NO 2 and HbA1c levels were null for all exposure windows.
Sensitivity Analyses
In the multipollutant models, the association between PN AM and blood glucose was attenuated when PM 2:5 was included in the model but remained after adjustment for PM 10 and NO 2 (see Figure S2 ). All Table 1 . Demographic characteristics of the Heinz Nixdorf Recall study participant observations included in this study, stratified by examination time (baseline: 2000-2003; follow-up: 2006-2008 associations between PN AM and HbA1c were robust to adjustment for PM 2:5 , PM 10 , and NO 2 exposure (see Figure S2 ). When considering nondiabetic and prediabetic participants, associations for both blood glucose and HbA1c were attenuated among prediabetic participants (n obs = 3,881), but they remained in the same direction as those in the main analysis (see Figures  S3 and S4 ). Estimates did not differ greatly by working status (n obs = 4,624 working part-time or less), when additional observations were excluded based on a broader definition of diabetes (n obs = 423 additionally excluded), or when analyses were limited to only fasting participants (n obs = 4,969). Model estimates were also very robust to single and simultaneous addition of proximity of the participant's residence to a major road and chronic noise exposure (n obs = 7,048).
Effect Modification
For blood glucose, we observed evidence of effect modification by examination for PN AM (28-, 91-d) 
Discussion
In the present study, we showed that higher levels of residential medium-term exposure to PM 2:5 , PM 10 , and PN AM were positively associated with blood glucose levels and HbA1c among Table 2 . Summary statistics for residential 28-and 91-day mean exposure levels at the baseline (2000) (2001) (2002) (2003) and follow-up (2006-2008) Table 3 . Estimated association (95% confidence interval) between interquartile range increase in 28-and 91-day mean air pollution and HbA1c and blood glucose (n obs = 7,108). Note: All models were linear mixed-effects regression models with random participant intercepts. Interquartile range values are provided in Table 2 . CI, confidence interval; HbA1c, glycated hemoglobin A1c; NO 2 , nitrogen dioxide; PM 2:5 , particulate matter with aerodynamic diameter ≤2:5 lm; PM 10 , particulate matter with aerodynamic diameter ≤10 lm; PN AM , accumulation mode particle number concentration.
a All blood glucose models were additionally adjusted for time since last meal (hours).
b Adjusted for humidity, temperature, and examination. d Figure 1 . Associations between an interquartile range (IQR) increase in mean air pollution exposure and blood glucose level (mg/dL) using a range of shortand medium-term exposure windows before blood draw. Linear mixed-effects regression models with random participant intercepts were run using the main model (covariates provided in Table 3 ) and are shown stratified by air pollutant (NO 2 , nitrogen dioxide; PM 2:5 , particulate matter with aerodynamic diameter ≤2:5 lm; PM 10 , particulate matter with aerodynamic diameter ≤10 lm; PN AM , accumulation mode particle number concentration). Error bars represent the 95% confidence interval for each point estimate. IQR values are provided in Table 2 . Figure 2 . Associations between an interquartile range (IQR) increase in mean air pollution exposure and glycated hemoglobin A1c (HbA1c; percentage points) using a range of short-and medium-term exposure windows before blood draw. Linear mixed-effects models with random participant intercepts were run using the main model (covariates provided in Table 3 ) and are shown stratified by air pollutant (NO 2 , nitrogen dioxide; PM 2:5 , particulate matter with aerodynamic diameter ≤2:5 lm; PM 10 , particulate matter with aerodynamic diameter ≤10 lm; PN AM , accumulation mode particle number concentration). Error bars represent the 95% confidence interval for each point estimate. IQR values are provided in Table 2. nondiabetic adults. These associations were robust to extensive adjustment for lifestyle factors, personal characteristics, traffic noise, and meteorological covariates. Importantly, we were able to observe a consistent temporal pattern of associations between air pollution exposure and glucose metabolism measures across a range of short-and medium-term exposure windows. The slightly different patterns observed for blood glucose and HbA1c are biologically plausible because more recent exposures were most strongly associated with blood glucose, whereas longer exposure windows were most strongly associated with HbA1c levels. To our knowledge, this is the first study to also examine the effects of particle number concentration (accumulation mode), a submicron particle metric of growing interest in the health community, on blood glucose levels and HbA1c using a spatiotemporal exposure model.
Biological Mechanisms
As described in previous reviews (Liu et al. 2013; Rajagopalan and Brook 2012; Rao et al. 2015) , several pathophysiologic pathways may explain the associations between air pollution exposures and glucose metabolism. Inhalation of air pollution has been shown to induce low-grade oxidative stress and inflammation in the lungs (Rajagopalan and Brook 2012) , and these effects do not remain localized in the lung but can lead to systemic oxidative stress and inflammation, including in the adipose tissue (Rao et al. 2015; Sun et al. 2005 Sun et al. , 2009 ). Systemic and adipose tissue inflammation have been observed to lead to impaired insulin signaling in the pathways that moderate glucose metabolism (Haberzettl et al. 2016; Rao et al. 2015) .
Evidence from several epidemiologic studies supports this connection between air pollution and glucose metabolism given that researchers have observed associations between short-and medium-term air pollution exposure and increased inflammation (Rajagopalan and Brook 2012) as well as worsening insulin resistance (Brook et al. 2013; Chen et al. 2016; Kelishadi et al. 2009; Kim and Hong 2012) . Similarly, ongoing research suggests that medium-term exposures to air pollution during pregnancy may be related to abnormal glucose regulation (Fleisch et al. 2014; Lu et al. 2017; Robledo et al. 2015) and incidence of gestational diabetes mellitus among pregnant women (Hu et al. 2015) . The results from the present study provide additional evidence that short-and medium-term air pollution exposures may represent biologically relevant exposure windows for influencing glucose metabolism measures. These associations with glucose metabolism may help explain emerging epidemiologic data that there is an association between long-term air pollution exposure and incidence of diabetes mellitus (Balti et al. 2014) .
Comparison with Prior Studies
The observed association between medium-term exposure to PM and PN AM and blood glucose concentration has been previously shown for PM measures (Kim and Hong 2012; Peng et al. 2016) . In a recent study among nondiabetic participants in the Normative Aging Study using a hybrid spatiotemporal prediction model, Peng et al. (2016) observed a significant positive association between 28-d PM 2:5 exposure and fasting blood glucose (0:89 mg=dL per 3:12 lg=m 3 increase). Chen et al. (2016) also observed associations between centrally measured short-term PM 2:5 exposures and fasting blood glucose among a cohort of Mexican Americans with high risk of diabetes (e.g., 0:70 mg=dL per 5 lg=m 3 7-d mean PM 2:5 ). In contrast to several previous studies (Chen et al. 2016; Chuang et al. 2011; Honda et al. 2017; Kim and Hong 2012; Sade et al. 2015; Wolf et al. 2016 ), we did not observe an association between NO 2 exposure and blood glucose level, for which we have no clear explanation.
We specifically investigated nondiabetic participants, an important group for evaluating how air pollution exposure may influence early disease mechanisms that lead to a diabetogenic metabolism and eventually to T2DM in the general population. Three other studies including persons of mixed diabetes status have reported positive associations between air pollution exposures and blood glucose levels (Sade et al. 2015 (Sade et al. , 2016 WardCaviness et al. 2015) . However, effects of diet, physical activity, and medication on blood glucose levels in participants with diabetes may overshadow relatively small effects of air pollution, suggesting that these effects might be easier to detect among metabolically healthy persons with intact glucose metabolism.
An important and novel finding of our study is that we found a positive association between medium-term PM and PN AM exposure and HbA1c levels in persons with no known metabolic disorder. This finding is of pathophysiological importance because it suggests that air pollution exposure may lead to a diabetogenic metabolism, manifesting itself as increased glucose levels over periods of several weeks to months. Of the two prior studies among nondiabetic participants, one reported no associations with PM 2:5 , NO 2 , or a variety of other exposure metrics (Wolf et al. 2016) , whereas the second reported an association with NO 2 but not with PM 2:5 (Honda et al. 2017) . Although all three studies were conducted in Western populations, the divergence in the results may be due to the difference in exposure windows used. With our spatiotemporal exposure model, we were able to choose biologically motivated mediumterm (28-and 91-d mean) exposures before the blood draw for our analysis, whereas Wolf et al. (2016) utilized a temporally static long-term mean, and Honda et al. (2017) used 1-to 5-y moving average exposure windows. From a biological standpoint, medium-term exposures (averaged over weeks to months) would be more likely to be associated with HbA1c than exposures averaged over longer periods of time given that HbA1c levels in individual red blood cells increase with age, and the lifespan of a typical red blood cell is approximately 115 d (Franco 2012) .
In recent years, experimental and epidemiologic evidence has emerged suggesting that submicron and ultrafine (UFP; aerodynamic diameter <0:1 lm) particles may have significant adverse health effects owing to their large surface area-to-mass ratio, their ability to generate reactive oxygen species, and their small size, which enables them to penetrate deeply into the respiratory system (Li et al. 2016) . Nevertheless, epidemiologic studies linking exposure to submicron particles or UFPs with health effects are limited because they are not routinely measured by monitoring networks, and their heterogeneous distribution in the atmosphere makes them challenging to model and measure. To our knowledge, only three studies have investigated whether UFP exposure is associated with diabetes-related outcomes. One small study, conducted among 58 Danish households of unknown diabetes status, observed that 48-h exposure to indoor UFPs was associated with HbA1c levels, but it did not observe any connection between 48-h outdoor UFP exposure (assigned from a central monitoring station) and HbA1c (Karottki et al. 2014) . In a study of near-highway households, no association was observed between annual UFP exposure and prevalent diabetes (Li et al. 2017) . In contrast, a recent Canadian cohort study by Bai et al. (2018) observed a positive association between annual ambient UFP exposure and risk of diabetes. In the present study, we considered the accumulation mode rather than ultrafine particles specifically and found positive associations between both short-term (28-d) and medium-term (91-d) outdoor PN AM exposure and two measures of glucose metabolism that merit further investigation.
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Clinical Importance
Although the increases in blood glucose and HbA1c levels observed in the present study (e.g., increase in HbA1c of 0.15 p. p. per 10 lg=m 3 PM 2:5 ) are small, and the exposure range in the Ruhr area of Germany (e.g., 91-d mean PM 2:5 IQR: 4:0 lg=m 3 ) is low, air pollution exposure is ubiquitous and unavoidable for all members of the population. Even small increases in blood glucose and HbA1c levels may increase the risk of cardiometabolic disease (Zhang et al. 2010) as well as of cardiovascular events and mortality (Cohen et al. 2009; Schöttker et al. 2016) . Thus, even these small increases per unit of air pollution exposure may have relevant and wide-reaching impacts on health worldwide.
Strengths and Limitations
This study has several strengths. The HNR study is a wellcharacterized, population-based cohort with extensive covariate data, which allowed us to adjust for potential confounders as well as for the co-occurring exposure of long-term traffic noise. Additionally, the use of a spatiotemporal model allowed us to estimate a range of short-and medium-term exposures. The consistency and the temporal pattern across short-to medium-term exposure windows also support the hypothesis that a true association exists between air pollution exposure and glucose metabolism measures among nondiabetic adults.
Nevertheless, there are several limitations of this study. Because the EURAD model estimates urban background exposures on a 1 km 2 grid and not directly at participants' residences, some exposure misclassification, particularly in traffic-related air pollution, likely exists. We expect this misclassification to be nondifferential and thus, in principle, to bias our results towards the null. Additionally, it is possible that a background air pollution estimate for the 1 km 2 around a residence may not represent a good estimate of overall exposure because people typically do not spend the entirety of their time at home. Assimilated estimates of PM 2:5 and PN AM are un-available in this study area owing to a small number of measurements; thus, error in these exposure estimates is likely greater than for PM 10 and NO 2 .
Conclusion
Medium-term exposure to PM and PN AM was positively associated with blood glucose and HbA1c levels, consistent with an adverse effect on glucose regulation in nondiabetic adults. Further studies investigating PM components and source-specific particulate matter as well as possible mediation pathways are needed to better understand the mechanisms by which air pollution exposure influences blood glucose and HbA1c levels in metabolically healthy persons.
